ABSTRACT: The formation of soluble hydrogen-bonding interpolymer complexes between poly(acrylic acid) (PAA) and poly(acrylic acid-co-2-acrylamido-2-methyl-1-propane sulfonic acid)-graft-poly(N, N dimethylacrylamide) (P(AA-co-AMPSA)-g-PDMAM) at pH = 2.0 was studied. A viscometric study showed that in semidilute solution a physical gel is formed, due to the interconnection of the anionic P(AA-co-AMPSA) backbone of the graft copolymer, in a transient network, by means of the complexes formed between the PDMAM side chains of the graft copolymer and PAA.
Introduction
When weak polyacids, such as poly(acrylic acid) (PAA) or poly(methacrylic acid) (PMAA), and proton acceptor polymers, such as polyethyleneoxide (PEO), or polyacrylamides, are mixed in solution at pH lower than 3-4, a associative phase separation takes place, 1, 2, 3, 4, 5, 6, 7 as a result of the formation of hydrogen-bonding interpolymer complexes (IPCs). A considerable amount of work on such hydrogenbonding IPCs has been presented in two reviews. 8, 9 The potential applications of these IPCs to various fields, such as drug delivery formulations, 10, 11, 12 biomaterials, 13 emulsifiers, 14 and membrane and separation technology, 15, 16 has further stimulated the research interest in this field.
In order to extend the solubility of the hydrogen-bonding IPCs in the low pH region, some efforts have recently been undertaken. 17, 18 In one of them, an anionically charged graft copolymer, poly(acrylic acid-co-2-acrylamido-2-methyl-1-propane sulfonic acid)-g-poly (N,N-dimethylacrylamide) (P(AA-co-AMPSA)-g-PDMAM), has been synthesized by grafting poly (N,N-dimethylacrylamide) (PDMAM) chains onto an acrylic acid-co-2-acrylamido-2-methy-1-propane sulfonic acid copolymer (P(AAco-AMPSA)) backbone. PDMAM is a water-soluble polymer with important proton acceptor properties, forming hydrogen-bonding IPCs with PAA, 19, 20 which precipitate out from water even at pH values as high as 3.75. 17 When these graft copolymers are mixed with PAA in a low pH (pH < 3.75) aqueous solution, hydrogen-bonding IPCs between the PDMAM side chains and PAA are formed. Nevertheless, the presence of the negatively charged AMPSA units in the graft copolymer backbone prevents their precipitation. 17 Moreover, rheological measurements in a semi-dilute solution have
shown a gel-like behaviour in this low pH region. 21 This behaviour has been attributed to the interconnection of the negatively charged backbone chains of the graft copolymer by means of the hydrogen-bonding interpolymer complexes formed between the PDMAM side chains of the graft copolymer and the PAA chains.
Small-angle neutron scattering (SANS) measurements, already used to show the formation of dense hydrogen-bonding IPCs between PEO and partially neutralized (3 -9%) PMAA, 22 were also used to study the microstructure of the above-mentioned electrostatically stabilized colloidal system in D 2 O. 23 Core-shell nanoparticles comprised by an insoluble hydrogen-bonding IPC core and a hydrophilic negatively charged corona surrounding it, was supposed to be formed. The formation of similar colloidal complexes has been also observed as a result of the interaction of polyelectrolyte-neutral block copolymers or of comb-type polyelectrolytes with oppositely charged synthetic or biological macromolecules 24, 25, 26, 27, 28 and surfactants. 2930, 31, 32, 33 However, there is a major difference in our case. The colloidal nanoparticles formed are pH sensitive as they are formed at low pH and dissociate at pH > 3.75. 17 In this work we have proceeded to a thorough study of the interactions between a P(AA-co-AMPSA)-g-PDMAM graft copolymer, containing 48 wt % of PDMAM, shortly designated as G48, and PAA, at pH = 2.0, in a broad concentration region, ranging in the dilute and the semidilute regime. In such a low pH insoluble
IPCs are formed 17 as a result of successive hydrogen bonds between the carboxylic groups of PAA and the amide groups of PDMAM. 6, 34 Nevertheless, the particles formed do not precipitate but remain in a colloidal form in the solution, due to the anionic backbone of the graft copolymer. Rheology measurements were used for the determination of a critical concentration, c * , over which gel formation takes place. were used for the synthesis of the graft copolymers.
For the adjustment of the pH citric acid (CA) (Merck) was used.
Water was purified by means of a Seralpur Pro 90C apparatus combined with a USF Elga laboratory unit. For the SANS experiments, deuterium oxide (Aldrich) was used.
Polymer synthesis and characterization. Amine-terminated PDMAM was synthesized by free radical polymerization of DMAM in water at 30 ºC for 6 h using the redox couple APS and AET as initiator and chain transfer agent, respectively. The polymer was purified by dialysis against water through the same membrane above, and finally obtained by freeze-drying. Its number average molecular weight was determined by end group titration with NaOH after neutralization with an excess of HCl, using a Metrohm automatic titrator (model 751 GPD Titrino) and 17,000 g/mol were obtained.
A copolymer of AA and AMPSA, P(AA-co-AMPSA), was prepared by free radical copolymerization of the two monomers in water, after partial neutralization (90% mole) with NaOH at pH ≈ 6-7, at 30 ºC for 6 h, using the redox couple APS/KBS. The product obtained was then fully neutralized (pH=11) with an excess of NaOH, purified by dialysis against water, and received in its sodium salt form after freeze-drying. Its composition, determined by acid-base titration and elemental analysis, was 18% in AA units. Its apparent weight average molecular weight, M w = 2.7 x 10 5 g/mol, was determined by static light scattering in 0.1 M NaCl.
The graft copolymer, P(AA-co-AMPSA)-g-PDMAM, was synthesized by a coupling reaction between P(AA-co-AMPSA) and amine-terminated PDMAM. The two polymers were dissolved in water at a 1:1 weight ratio. Then, an excess of the coupling agent, EDC, was added and the solution was let under stirring for 6 h at room temperature. Addition of EDC was repeated for a second time. The product was purified with a Pellicon system, equipped with a tangential flow filter membrane (Millipore, cut off = 100 kDa), and freeze dried. Its composition in PDMAM side chains was found to be equal to 48 wt% (using elemental analysis), corresponding to about 14 chains per graft copolymer. A schematic depiction of the graft copolymer is presented in Scheme 1. Its apparent molecular weight, M w = 4.8 x 10 6 g/mol, was determined by static light scattering in 0.1 M NaCl.
Rheology. Steady-state shear viscosity measurements of semidilute aqueous polymer mixtures were performed using a Rheometrics SR 200 controlled-stress rheometer, equipped with a cone and plate geometry (diameter = 25 mm, angle = 5.7°, truncation = 56 µm). An Anton Paar AMVn automated microviscometer, equipped with a 1.8 mm diameter glass capillary and a 1.5 mm diameter steel ball, was used to measure the viscosity of the dilute solutions. The temperature was fixed at 25±0.1 °C.
Dynamic Light Scattering (DLS).
The intensity time correlation functions g (2) (t) of the polarised light scattering were measured at θ = 90° at 24 °C with a full . The samples used were dust-free and optically homogeneous. The intensity time correlation functions g (2) (t) were analysed using the inverse Laplace transformation (ILT) method with the aid of the CONTIN code. 
Results and Discussion
Rheology. Figure 1 shows the variation of the Newtonian viscosity, η, vs. the concentration, c, for a G48/PAA mixture in an aqueous solution, at pH = 2.0. We have chosen the stoichiometric composition, corresponding to a unit mole PAA/PDMAM ratio 1.1, as determined from SANS measurements at different polymer mixture ratios in a previous work 23 . We see that a critical concentration c Figure 2 shows the intensity time correlation functions, g (2) (t), and the ILT distributions for the same as above G48/PAA mixture in solution at pH = 2.0 at six different concentrations, from 0.55 x 10 It is well established that lateral dimensions, determined by AFM, are overestimated due to the convolution effect of the AFM tip when scanning small objects. 39 Assuming a tip radius of 10 nm (the actual size of commercial AFM tips is given between 5 and 15 nm) we can estimate a true lateral size around 22.5 nm. From these dimensions and assuming spherical cap geometry, the particles volume deposited on the substrate is about 3200 nm 3 . It appears that this estimated volume is lower than the one of the insoluble core in solution, as determined by SANS (17150 nm of the dry core. This finding emphasizes the fact that it is a multi-scale organized particle with a central hydrophobic core, hydrated up to 80%, comprised by the hydrogen-bonding IPC formed between PAA and the PDMAM side chains of G48, and an hydrophilic shell made of the P(AA-co-AMPSA) anionic backbone of the G48.
DLS.

Conclusions
We have studied the hydrogen-bonding interpolymer complexation between 
